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Abstract: Potocki-Shaffer syndrome (PSS) is a rare non-recurrent contiguous gene deletion syndrome
involving chromosome 11p11.2. Current literature implies a minimal region with haploinsufficiency
of three genes, ALX4 (parietal foramina), EXT2 (multiple exostoses), and PHF21A (craniofacial
anomalies, and intellectual disability). The rest of the PSS phenotype is still not associated with a
specific gene. We report a systematic review of the literature and included two novel cases. Because
deletions are highly variable in size, we defined three groups of patients considering the PSS-genes
involved. We found 23 full PSS cases (ALX4, EXT2, and PHF21A), 14 cases with EXT2-ALX4, and three
with PHF21A only. Among the latter, we describe a novel male child showing developmental delay,
café-au-lait spots, liner postnatal overgrowth and West-like epileptic encephalopathy. We suggest PSS
cases may have epileptic spasms early in life, and PHF21A is likely to be the causative gene. Given
their subtle presentation these may be overlooked and if left untreated could lead to a severe type
or deterioration in the developmental plateau. If our hypothesis is correct, a timely therapy may
ameliorate PSS phenotype and improve patients’ outcomes. Our analysis also shows PHF21A is a
candidate for the overgrowth phenotype.
Keywords: Potocki-Shaffer; infantile spasms; PHF21A; SCNA; LSD-CoREST; epileptic encephalopathy;
west syndrome; intellectual disability
1. Introduction
Structural genetic variation is a class of sequence alterations typically spanning more than 1 kb [1].
They include quantitative variations such as copy number variations (CNVs), the most prevalent type
of structural variation, and other alterations, including chromosomal rearrangements. They can span
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from thousands to millions of bases whose copy number varies between different individuals, and are
the result of DNA gains or losses [2,3].
CNVs can be responsible for genomic disorders, Mendelian diseases associated with large gains,
and losses of genetic material [4]. A number of well-delineated genomic disorders are presently known
and can be divided into two main categories: recurrent genomic disorders, which span the same region
and originate independently de novo in different patients, and the non-recurrent genomic disorders,
whose extension is different in each patient although the disease-associated gene(s) is/are always
included. Recurrent rearrangements are caused by nonallelic homologous recombination (NAHR)
between flanking low-copy repeats (LCRs), or repetitive elements such as LINE and HERV elements [5,6].
Non-recurrent rearrangements are caused by more complex mechanisms, such as non-homologous
end joining (NHEJ), fork stalling, and template switching (FoSTeS)/microhomology-mediated BIR
(MMBIR) [7]. Their breakpoints are therefore variable hampering the identification of the causative
gene associated with the disease.
Genomic disorders can include both (i) contiguous gene deletions or duplications as seen in
Williams-Beuren syndrome (MIM# 194050), where more than one causative gene is present [8] or (ii)
CNVs of genes or portions of genes (exons) leading to Mendelian disorders (e.g., Rubinstein-Taybi
syndrome; MIM# 180849) [9].
The main molecular mechanism is related to changes in dosage sensitive genes, in other
words, genes whose dosage is critical to determine a healthy phenotype. Both deletions leading
to haploinsufficiency or duplications leading to triplosensitivity can lead to a phenotype [10].
The identification of causative genes within the critical region of a genomic disorder is complex.
It can rely on the availability of haploinsufficiency scores provided by the GnomAD consortium [11],
and the detection of several affected subjects with a deleted/duplicated region showing overlap on a
few candidate genes.
We focused our attention on the Potocki-Shaffer syndrome (PSS), a rare non-recurrent contiguous
gene deletion syndrome mapping on 11p11.2 (MIM# 601224) [12,13]. The classical phenotype
comprises multiple exostoses, biparietal foramina, and neurodevelopmental delay as cardinal features.
Craniofacial abnormalities, epilepsy, tapering fingers, eye and hearing abnormalities, hypothyroidism,
immunodeficiency, and genital malformations in males have also been reported [14].
Current literature implies a critical minimal region with haploinsufficiency of three genes:
aristaless-like homeobox 4 (ALX4, MIM* 605420), exostosin 2 (EXT2, MIM* 60821), and PHD finger
protein 21A (PHF21A, MIM* 608325). In rare cases, the deletion extends centromerically causing
overlap with the WAGR syndrome (Wilms’ tumor, aniridia, genitourinary anomalies/gonadoblastoma
and mental retardation) [15–17]. Haploinsufficiency for PAX6 (causing aniridia, MIM# 106210) [18] and
WT1 genes (predisposing Wilms’ tumor, genital abnormalities, and nephropathies, MIM# 194072) [19]
lead to the main WAGR features.
Here, we report a critical revision of the literature grouping describing patients in three categories
based on the presence of the PSS-associated genes within the deletion (ALX4, EXT2, and PHF21A;
EXT2-ALX4; and PHF21A only). We also describe a novel PSS female patient (Decipher 286390) and
the third smallest de novo 11p11.2 microdeletion spanning PHF21A (Decipher 415213) in a male with
developmental delay (DD), intellectual disability (ID), café-au-lait spots, liner postnatal overgrowth,
and West-like pharmacoresistant epilepsy. These latter cases are instrumental to better define the role
of PHF21A in the phenotype.
2. Materials and Methods
Genomic DNA was isolated from peripheral blood using a standard procedure (Qiagen,
Hilden, Germany) and quantified by Nanodrop spectrophotometer (Thermo Scientific, Waltham,
MA, USA). We performed array-CGH with a 60 K whole-genome oligonucleotide microarray
following the manufacturer’s protocol. Slides were scanned using a G2565BA scanner (Agilent
Technologies, Santa Clara, CA, USA) and analyzed using CytoGenomics version 5.0.2.5 (Agilent
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Technologies, Santa Clara, CA, USA) with the statistical algorithm ADM-2 and a sensitivity threshold
of 6.0. At least three consecutive aberrant probes identified significant copy-number changes.
We compared our findings to known CNVs listed in the Database of Genomic Variants (DGV,
http://projects.tcag.ca/variation) and in the DECIPHER database (https://decipher.sanger.ac.uk/).
TaqMan real-time quantitative PCR (qPCR) analysis (was used to measure copy number variants at
11p11.2 in genomic DNA on the gene PEX16 (NM_057174.3, exon 11), primers 5′-cagagcctggtgaacagtga;
5′-aggatgcagggcttaaagtg; #36 UPL probe (Roche Diagnostics, Risch-Rotkreuz, Switzerland); with
RnaseP reference gene, VIC-labeled pre-designed TaqMan gene expression assays (P/N 4316844,
Applied Biosystems, Thermo Fisher Scientific, Waltham, MA, USA). We carried out the reaction with an
ABI 7500 Fast real-time PCR machine using the ABI TaqMan Universal PCR master mix according to the
manufacturer’s instructions (Applied Biosystems, Thermo Scientific, Waltham, MA, USA). Efficiencies
of the assays were similar and in a range of 90–110%. Samples from affected individuals and unrelated
healthy controls were run in triplicate. The mean Ct value was used for calculations using the ∆∆Ct
method [20].
All subjects gave their informed consent for inclusion before participation. The study was
conducted in accordance with the Declaration of Helsinki.
We identified all potentially relevant articles, limited to English-language studies by searching
PubMed (https://pubmed.ncbi.nlm.nih.gov/), and an additional hand search of the reference lists from
the obtained articles. We considered abstracts at international conferences only if they reported relevant
cases. If some crucial information were not provided or they were not feasible at the time of writing
the article, all eligible authors were contacted, with a second mail as a reminder if responses were
not received. The search was performed up to December 2019 with an up-to-date e-alert from each
search platform.
We extracted the characteristic and additional phenotypic elements from each study. Furthermore,
we concentrated on describing the dysmorphology traits, reporting the most frequent features. If the
growth parameters [21] were accessed in several time periods after birth, only the last one was included.
An array-CGH and newer data were preferred over FISH examinations.
In order to construct one scheme of all reported PSS deletions, we have converted the FISH-BAC
clones in the GRCh37/hg19 using their distal coordinates as a minimal zone of the deletion (further
details in Supplementary Table S1).
3. Results
3.1. Case Report 1 (Decipher 286390)
She is the unique child born by caesarian section from non-consanguineous European parents
(father from France and mother of Spanish origin). Her prenatal course was uncomplicated. The family
history was negative for other individuals with neurodevelopmental disorders except for a cousin of
the mother who had a son with mild to moderate intellectual disability. At birth, neonatal hypotonia
was noticed and a cerebral CT-scan revealed a thin corpus callosum. Multiple exostoses were reported.
Epilepsy started at the age of 8 years, and it was initially treated with lamotrigine. At the age of
12 years, she presented a status epilepticus secondary to Haemophilus influenzae septic shock associated
with acute respiratory distress syndrome (ARDS) (detailed description in Supplementary File S1).
On the last visit (patient is now in her twenties) the epilepsy was under control with a cocktail of
anti-epileptic drugs.
She had a severe global developmental delay. She crawled on all four limbs but did not master
chair-to-floor transfers and the use of the wheelchair. She could walk with difficulty using a walker.
She has a quick and efficient prehension, but she does not have the resources for instrumental use of
objects. In terms of language, she can say several single words but not structured sentences. She has
sleep apnea and an IgA immune deficiency treated by injection of gamma globulins, discovered
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at 12 years old during her hospitalization. No known gene in the deleted interval is associated
with immunodeficiency.
At birth, her growth parameters were weight 2970 g (−0.87 SD), height 51 cm (+0.56 SD), and
occipoto frontal circumference (OFC) 34 cm (−0.54 SD). At 12 years, weight 31 kg (−3 SD), height 134 cm
(−2 SD), body mass index (BMI) 17 kg/m2 (25–50th centile). At 20 years, weight 37 kg (−3 SD), height
141 cm (−3.4 SD); BMI 18.6, 17 kg/m2 (10–25th centile), and OFC 53 cm (−1.20 SD). Her dysmorphic
features are described on Figure 1.
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Figure 1. Photography of patient 1 (Decipher 286390) at 20 years old. She has a high and broad
forehead, sparse lateral eyebrows, long nose with prominent nasal bridge, short and smooth philtrum,
thin lips, prominent chin with horizontal crease, quite large mouth, and a short neck. There is a large
abduction and an external rotation of the two hips.
The array-CGH detected a deletion overlapping the PSS critical region with a min-max
size of 8–9.1 Mb (array (GRCh37) 11p11.12 (42272129x2, 42333416_50378802x1, 51379160x2)).
The inheritance of the deletion could not be tested. FISH analysis confirmed a deletion 11p11.2p11.2
(RP11-70A9-RP11-465I24), in line with previous array-CGH data.
3.2. Case Report 2 (Decipher 415213)
Patient was a male born at term (Apgar 9/9, 42nd gestational week with vaginal delivery;
birth weight 4070 g (>85th centile); length 52 cm (50th centile); head circumference 33 cm (<15th
centile)) from non-consanguineous healthy parents. He was hospitalized at 10 months of age due to
apyretic convulsive crises followed by hypotonia, somnolence, and developmental delay. His mother
reported daily episodes of short duration with quick muscle contraction of the arms, and a fixed look as if
the “child was scared”. There was no family history of malformation, epilepsy, or developmental delay.
The electroencephalography (EEG) (awake/sleep) in the first days of his hospital admission
demonstrated an interictal hypsarrhythmia characterized by slow chaotic high voltage delta and theta
activity (prominent in the right temporo-parietal region), mono/polymorphic preceded by multifocal
frequent bouffés type PO, PPO spike complexes (Figure 2). Due to an EEG pattern indicative of
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West syndrome, the patient was administrated ACTH, cortisone, and phenobarbitone. After the
arterial hypertension, most likely a side effect from the ACTH, a diuretic and calcium-antagonist
were prescribed.
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Figure 2. Electroencephalography (EEG): interictal hypsarrhythmia. Slow high voltage of delta and
theta activity (circles on the left), mono/polymorphic preceded by multifocal PO (arrows on the left),
PPO spike (arrows on the right).
Beside the Magnetic Resonance Imaging (MRI) signs of benign external hydrocephalus and bilateral
mastoiditis with odest micellar sinusopathy and minimal pericardial effusion on electrocardiogram.
All other examinations were in normal ranges (sensory evoked potentials, metabolic profiles, echo and
computer tomography (CT) scan).
Currently (5 years of age), the patient presents a linear postnatal overgrowth with severe intellectual
disability (weight 23 kg (90–97th centile), height 121 cm (>97th centile; father 176 cm, mother 170 cm),
and head circumference of 53.5 cm (90–97th centile)).
Using array-CGH, we detected a de novo 323–472 kb microdeletion, partially overlapping the PSS
critical region (arr(GRCh37) 11p11.2(45553929x2,45670806_45993729x1,46027199x2)dn) The deletion
was confirmed by real-time quantitative PCR (qPCR), and encompassed eight protein coding genes:
C11orf94, CHST1, CRY2, GYLTL1B, MAPK8IP1, PEX16, PHF21A, and SLC35C1.
3.3. Review of Reported PSS Cases
We selected 18 published articles for a total of forty 11p11.2 deletions, including the two reported
here [12,13,15–17,22–34]. All are represented in Figure 3 using the UCSC Genome Browser custom
track (Supplementary Table S1). In three, the WAGR critical region was included [15–17]. We excluded
all PSS cases carrying an additional pathogenic deletion or duplication [35,36]. Reports of the patients
with heterozygous deletions which appeared as early as 1977 [37] or those where no sufficient data
was provided even after contacting the authors [38] were also excluded.
Detailed clinical data including dysmorphology was obtained for each patient when available
(Supplementary Tables S1–S3).
We noted that the deletions described are highly variable. To perform a better genotype-phenotype
correlation, we divided cases into three groups based on the involvement of the three PSS critical
genes. We found 23 full PSS cases (ALX4, EXT2, and PHF21A), 14 cases with EXT2-ALX4, and three
with only PHF21A. The minimal deletion reported by Chuang et al. [24] did not affect ALX4/EXT2;
however, the patients had biparietal foramina and multiple exostosis, and thus were classified as
complete PSS deletion.
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Figure 3. Scheme for the 40 known deletions encompassing the Potocki-Shaffer syndrome (PSS) critical
region. In red, the extension of the minimal deleted region. Vertical light blue lines indicate the borders
of the critical PSS region, spanning the PHF21A, ALX4, and EXT2 genes. Black vertical lines indicate
the redefined critical region for ID/DD in PSS: a ~1.1 Mb region containing 12 annotated genes between
markers D11S554 and 11S1319 [22]. On the left side, the PAX6 and T1 genes associated ith il s’
tumor, aniridia, genitourinary ano alies/gonadoblasto a and ental retardation syndro e ( R).
Note that some of the red bars indicate more than one case in the same family.
Half of the patients (20/40) had reports of their birth parameters (Table 1). The majority had
weight/height or head circumference adequate for their age (15/20); three were small, and two were
large for their gestational age at birth (>90th centile or 2 SD above the mean weight, length, or both).
Postnatal overgrowth was observed in four patients, and two did not catch up to expected parameters
despite t e normal parameters at birth.
Developmental delay was noted in half of the patients (22/40); isolated language delay in one,
additional autistic trai in patient 3 by Wuyts et al. [25], and in the follow-up of patient III-1 by
Shaffer et al. [13] (Table 1; Supplementary Table S1).
At the neurologic examination, hypotonia was the most prev lent finding detected in 16 patien s,
although e definition was n t consistent. We foun epilepsy in 14 cases, clinically very heterogen ous
by etiology and defin tion (Table 1). Notably, all except one showed severe deterioration on the
developmental pl teau and intellectual disability (Table 1).
Various brain nomalies were seen on MRIs such s thin (n = 5), absent (n = 2), or hypoplastic
corpus callosum (n = 1) (Table 1; Supplementary Table S1). Prominent cerebrospinal fluid spaces
were detected in six patients (Table 1). Other brain anomalies were dysplasia/hypoplasia of the
cerebellar cortex/vermis (five patients), choroid plexus cyst (two patients), and an unusual report of
meningoencephalocele (Table 1; Supplementary Table S1).
Genitourinary anomalies such as micropenis (9/28) and cryptorchidism (8/28) were frequent
findings in males. Strabismus (12/40) and nystagmus (5/40) were prevailing from the ocular anomalies
(Table 1; Supplementary Table S1).
Among 28 patients with dysmorphic features, brachycephaly was commonly reported in 17 patients
(61%), followed by broad forehead and epicanthus present in 12 (43%), followed by downturned mouth,
prominent nasal bridge, high forehead, sparse lateral eyebrows, and short philtrum (Table 2). Tapering
fingers and brachydactyly were hand anomalies reported in a minority (Supplementary Table S3).
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MRI findings
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Genitourinary
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spans at least ALX4, EXT2, PHF21A.
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Table 2. Dysmorphology of PSS reported patients in the literature.
Dysmorphology n % PSS ALX/EXT4 PHF21A
Brachycephaly 17 61 14 2 1
Broad forehead 12 43 9 1 1
Epicanthus 12 43 9 1 2
Downturned mouth 11 39 11 0 0
High forehead 10 36 8 2 0
Prominent nasal bridge 10 36 10 0 0
Sparse lateral eyebrows 9 32 8 1 0
Short philtrum 9 32 7 1 1
Microcephaly 8 29 8 0 0
Hypoplastic nares 6 21 5 1 0
Broad nasal tip 5 18 5 0 0
Low set ears 5 18 4 1 0
Large/protuberant ears 5 18 3 1 1
Telecanthus 4 14 4 0 0
Upslanting palpebral fissures 4 14 4 0 0
Thin lips 4 14 3 0 1
Micrognathia 4 14 2 1 1
Turricephaly 3 11 2 0 1
Broad nasal bridge 3 11 2 0 1
Short neck 3 11 3 0 0
Small nose 2 7 2 0 0
Small mouth 2 7 1 0 1
Full cheeks 2 7 0 1 1
Prominent chin 2 7 1 1 0
Downslanted palpebral fissures 1 3 0 1 0
TOTAL 28
Notes: PSS is Potocki-Shaffer syndrome.
4. Discussion
In contiguous genes syndromes, the identification of the causative genes responsible for the
phenotype relies on the availability of patients with different but overlapping deletions/duplications and
on functional or genetic data of the genes spanning the CNV. In Potocki-Shaffer syndrome, three genes
are reported to be causative: ALX4, ELX2, and PHF21A. We aimed at improving genotype-phenotype
correlation on the syndrome and revised literature data collecting a total of 40 cases.
Patients with a deletion involving ALX4, ELX2, and PHF21A genes had the cardinal PSS features:
biparietal foramina, multiple exostosis, and intellectual disability and craniofacial anomalies associated
with ALX4, ELX2, and PHF21A, respectively. The haploinsufficiency of ALX4 [39] was also suggested
to explain the micropenis in some of the males with PSS.
SLC35C1 [23], PEX16 [23], and GYLT1B [40,41] have been proposed as candidate genes for the
hypotonia reported in most of the PSS patients. Actually, these genes are not haploinsufficient
(pLI scores close to 0 [42]), and they unlikely can contribute to this condition.
We were particularly interested in the role of PHF21A in PSS. Disrupting variants hitting PHF21A,
such as balanced translocations [22], truncating [43], or missense variants [44] are reported in patients
with intellectual developmental disorder and craniofacial dysmorphism. Notably, PHF21A disruption
has also been associated with hypotonia, and different types of epilepsy among which West-like
epileptic encephalopathy [43]. West syndrome (WS) [45] includes a triad composed of infantile spasms
(epilepsy) [46], hypsarrhythmia (EEG pattern), and intellectual disability. The infantile spasms of WS
are subtle and short, they disappear by the age of 2 years and are often overlooked if not recognized by
trained and experienced eyes. Their early diagnosis and a shorter delay to treatment are essential for
evading their long term morbidity such as intellectual disability or a more severe type of epilepsy [47].
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We noted that West syndrome was also diagnosed in patient 1 (Decipher code 415213), at the
initial stage of disease (10 months of age), suggesting this feature is present in early phases of PSS.
We analyzed the reports of epilepsy/seizures in the whole PSS literature cohort, but we were unable
to find further cases with infantile spasms/WS. We think that the age of the probands at diagnosis is
likely the most relevant explanation, because of the early onset of infantile spasms and subtle clinical
presentation [13,34]. In some cases, a poor clinical description [23], or different deletion sizes [29] may
have hidden the WS features. On the other hand, we found two neonates, while searching infantile
spasms among cases with PHF21A point mutations (one truncating and one missense variant) [43,44].
Our observation needs future clinical confirmation; however, if infantile spasms are truly present in
the early phases of PSS and remain untreated, they could lead to intellectual disability or to more
severe types of epilepsy described in this disease. Since PHF21A strongly correlates with intellectual
disability, we suggest that it could also be the leading gene for the infantile spasms and epilepsy.
The histone methyl reader protein (BHC80) [48] encoded by PHF21A is best known for its role in
regulation of a huge number of neuronal genes during embryogenesis [49,50], and it is particularly
important in the development of nerve cells [51] and bone structures of the face [22]. It is a well
conserved gene and is highly intolerant to variation (pLI = 1.0; Z-score = 2.86, GnomAD ver.2.1.1
http://gnomad.broadinstitute.org/). This reader protein is part of LSD-coREST [52] complex and
recognizes the epigenetic marks on core H3K4 through specialized motifs [53], which researchers
speculate helps keep the histone demethylated and the genes turned off (repressed) [53,54]. These target
genes have a specific cis-regulatory elements known as repressor element-1 (RE1) or neural restrictive
silencer (NRS) [55]. Among them are SCN2A [52] or SCN3A [22,56], sodium channel encoding
genes, strongly associated with epileptic encephalopathy [57]. The PHF21A haploinsufficiency is
indeed altering the expression of these genes, as it was demonstrated in patients’ derived PHF21A
haploinsufficient cell lines [22,56].
Concerning dysmorphological traits such as brachy/microcephaly and mild micrognathia, the role
for PHF21A was supported by the generation and rescue of a zebrafish model, where PHF21A
orthologous suppression produced abnormalities in the development of the head, face, and jaw [22].
Yet, these features were not present in all patients with a deletion affecting PHF21A, suggesting
incomplete penetrance.
Birth/postnatal overgrowth, present in some of the PSS cases, could also be associated with
PHF21A haploinsufficiency. A recent report on disorders associated to overgrowth with intellectual
disability (OGID) showed that 14 genes were involved [58]. Perturbation of epigenetic regulation was
the main pathogenic mechanism. Interestingly, most of these genes have motifs recognized by the
LSD-coREST complex where PHF21A is taking part [59,60].
5. Conclusions
We are presenting a detailed systematic review of all reported PSS cases, including two novel
ones. The phenotype is confirmed heterogeneous, but we highlighted the possibility that infantile
spasms are present before 2 years of age. We highlight the importance of confirming this observation
by prompt examination of PSS cases. An early diagnosis of infantile spasms may shorten the delay to
treatment and subsequently lower or even abolish the risk of intellectual disability [61,62]. This goal
could be achieved in case of a suspect or in families at risk by:
- a detailed clinical examination of neonates, particularly focused on getting a full
neurological assessment
- a complete video-EEG recording
- a magnetic resonance (MR) study of the brain
We also suggest the inclusion of PHF21A into gene panels for infantile spasms, performing prompt
genetic testing and EEG in suspected patients, and in probands from at-risk families.





UCSC Genome Browser, https://genome.ucsc.edu/
Supplementary Materials: The following are available online at http://www.mdpi.com/2076-3425/10/11/788/s1,
Supplementary File S1: EEG Performed during Hospitalization because of a Status Epilepticus Secondary
to a Haemophilus Influenzae Septic Shock (Decipher Patient 286390); Supplementary Table S1: position and
phenotype; Supplementary Table S2: Summary statistics of the clinical presentation. Supplementary Table S3:
Dysmorphic features.
Author Contributions: Conceptualization, S.T. and A.B.; array-CGH and PCR (qPCR) for Case report 2, E.D.G.;
clinical investigation for Case report 2 (Decipher 415213), G.B.F. and D.C.; complete investigation for Case report
1 (Decipher 286390), G.D. and P.K.; writing—original draft, S.T.; writing—review and editing, S.T. and A.B.;
supervision, A.B. and L.P. All authors have read and agreed to the published version of the manuscript.
Funding: This research received funding specifically appointed to the Department of Medical Sciences from
the Italian Ministry for Education, University and Research (Ministero dell’Istruzione, dell’Università e della
Ricerca—MIUR) under the program “Dipartimenti di Eccellenza 2018—2022”, project code D15D18000410001.
Acknowledgments: The authors are thankful to all participants and families for their time and contributions.
Conflicts of Interest: The authors declare no conflict of interest.
References
1. Feuk, L.; Carson, A.R.; Scherer, S.W. Structural Variation in the Human Genome. Nat. Rev. Genet. 2006, 7,
85–97. [CrossRef] [PubMed]
2. Redon, R.; Ishikawa, S.; Fitch, K.R.; Feuk, L.; Perry, G.H.; Andrews, T.D.; Fiegler, H.; Shapero, M.H.;
Carson, A.R.; Chen, W.; et al. Global Variation in Copy Number in the Human Genome. Nature 2006, 444,
444–454. [CrossRef] [PubMed]
3. Tuzun, E.; Sharp, A.J.; Bailey, J.A.; Kaul, R.; Morrison, V.A.; Pertz, L.M.; Haugen, E.; Hayden, H.; Albertson, D.;
Pinkel, D.; et al. Fine-Scale Structural Variation of the Human Genome. Nat. Genet. 2005, 37, 727–732.
[CrossRef] [PubMed]
4. Carvalho, C.M.B.; Zhang, F.; Lupski, J.R. Genomic Disorders: A Window into Human Gene and Genome
Evolution. Proc. Natl. Acad. Sci. USA 2010, 107, 1765–1771. [CrossRef] [PubMed]
5. Stankiewicz, P.; Inoue, K.; Bi, W.; Walz, K.; Park, S.S.; Kurotaki, N.; Shaw, C.J.; Fonseca, P.; Yan, J.; Lee, J.A.;
et al. Genomic Disorders: Genome Architecture Results in Susceptibility to DNA Rearrangements Causing
Common Human Traits. In Cold Spring Harbor Symposia on Quantitative Biology; Cold Spring Harbor
Laboratory Press: Cold Spring Harbor, NY, USA, 2003; Volume 68, pp. 445–454. [CrossRef]
6. Stankiewicz, P.; Shaw, C.J.; Dapper, J.D.; Wakui, K.; Shaffer, L.G.; Withers, M.; Elizondo, L.; Park, S.S.;
Lupski, J.R. Genome Architecture Catalyzes Nonrecurrent Chromosomal Rearrangements. Am. J. Hum. Genet.
2003, 72, 1101–1116. [CrossRef]
7. Hastings, P.J.; Lupski, J.R.; Rosenberg, S.M.; Ira, G. Mechanisms of Change in Gene Copy Number.
Nat. Rev. Genet. 2009, 10, 551–564. [CrossRef] [PubMed]
8. Pober, B.R. Williams-Beuren Syndrome. N. Engl. J. Med. 2010, 362, 239–252. [CrossRef]
9. Boone, P.M.; Bacino, C.A.; Shaw, C.A.; Eng, P.A.; Hixson, P.M.; Pursley, A.N.; Kang, S.H.L.; Yang, Y.;
Wiszniewska, J.; Nowakowska, B.A.; et al. Detection of Clinically Relevant Exonic Copy-Number Changes
by Array CGH. Hum. Mutat. 2010, 31, 1326–1342. [CrossRef]
10. Zhang, F.; Gu, W.; Hurles, M.E.; Lupski, J.R. Copy Number Variation in Human Health, Disease, and
Evolution. Annu. Rev. Genom. Hum. Genet. 2009, 10, 451–481. [CrossRef]
11. Karczewski, K.J.; Francioli, L.C.; Tiao, G.; Cummings, B.B.; Alföldi, J.; Wang, Q.; Collins, R.L.; Laricchia, K.M.;
Ganna, A.; Birnbaum, D.P.; et al. The Mutational Constraint Spectrum Quantified from Variation in 141,456
Humans. Nature 2020, 581, 434–443. [CrossRef]
12. Potocki, L.; Shaffer, L.G. Interstitial Deletion of 11(P11.2p12): A Newly Described Contiguous Gene Deletion
Syndrome Involving the Gene for Hereditary Multiple Exostoses (EXT2). Am. J. Med. Genet. 1996, 62,
319–325. [CrossRef] [PubMed]
Brain Sci. 2020, 10, 788 13 of 15
13. Shaffer, L.G.; Hecht, J.T.; Ledbetter, D.H.; Greenberg, F. Familial Interstitial Deletion 11(P11.12p12) Associated
with Parietal Foramina, Brachymicrocephaly, and Mental Retardation. Am. J. Med. Genet. 1993, 45, 581–583.
[CrossRef] [PubMed]
14. Swarr, D.T.; Bloom, D.; Lewis, R.A.; Elenberg, E.; Friedman, E.M.; Glotzbach, C.; Wissman, S.D.; Shaffer, L.G.;
Potocki, L. Potocki-Shaffer Syndrome: Comprehensive Clinical Assessment, Review of the Literature, and
Proposals for Medical Management. Am. J. Med. Genet. A 2010, 152A, 565–572. [CrossRef]
15. Brémond-Gignac, D.; Crolla, J.A.; Guichet, A.; Bonneau, D.; Taine, L.; Lacombe, D.; Baumann, C.; Benzacken, B.;
Verloes, A. Combination of WAGR and Potocki-Schaffer Contiguous Deletion Syndromes in a Patient with
an 11p11.2-P14 Deletion. Eur. J. Hum. Genet. 2005, 13, 409–413. [CrossRef]
16. McGaughran, J.M.; Ward, H.B.; Evans, D.G.R. WAGR Syndrome and Multiple Exostoses in a Patient with
Del (11) (P11.2p14.2). J. Med. Genet. 1995, 32, 823–824. [CrossRef]
17. Wakui, K.; Gregato, G.; Ballif, B.C.; Glotzbach, C.D.; Bailey, K.A.; Kuo, P.L.; Sue, W.C.; Sheffield, L.J.; Irons, M.;
Gomez, E.G.; et al. Construction of a Natural Panel of 11p11.2 Deletions and Further Delineation of the
Critical Region Involved in Potocki-Shaffer Syndrome. Eur. J. Hum. Genet. 2005, 13, 528–540. [CrossRef]
[PubMed]
18. Robinson, D.O.; Howarth, R.J.; Williamson, K.A.; van Heyningen, V.; Beal, S.J.; Crolla, J.A. Genetic Analysis
of Chromosome 11p13 and the PAX6 Gene in a Series of 125 Cases Referred with Aniridia. Am. J. Med. Genet.
Part A 2008, 146, 558–569. [CrossRef]
19. Miller-Hodges, E. Clinical Aspects of WT1 and the Kidney. Methods Mol. Biol. 2016, 1467, 15–21. [CrossRef]
20. Livak, K.J.; Schmittgen, T.D. Analysis of Relative Gene Expression Data Using Real-Time Quantitative PCR
and the 2-∆∆CT Method. Methods 2001, 25, 402–408. [CrossRef]
21. Brioude, F.; Toutain, A.; Giabicani, E.; Cottereau, E.; Cormier-Daire, V.; Netchine, I. Overgrowth
Syndromes—Clinical and Molecular Aspects and Tumour Risk. Nat. Rev. Endocrinol. 2019, 15, 299–311.
[CrossRef]
22. Kim, H.G.; Kim, H.T.; Leach, N.T.; Lan, F.; Ullmann, R.; Silahtaroglu, A.; Kurth, I.; Nowka, A.; Seong, I.S.;
Shen, Y.; et al. Translocations Disrupting PHF21A in the Potocki-Shaffer-Syndrome Region Are Associated
with Intellectual Disability and Craniofacial Anomalies. Am. J. Hum. Genet. 2012, 91, 56–72. [CrossRef]
[PubMed]
23. Romeike, B.F.M.; Wuyts, W. Proximal Chromosome 11p Contiguous Gene Deletion Syndrome Phenotype:
Case Report and Review of the Literature. Clin. Neuropathol. 2007, 26, 1–11. [CrossRef] [PubMed]
24. Chuang, L.; Wakui, K.; Sue, W.C.; Su, M.H.; Shaffer, L.G.; Kuo, P.L. Interstitial Deletion 11(P11.12p11.2) and
Analphoid Marker Formation Results in Inherited Potocki-Shaffer Syndrome. Am. J. Med. Genet. 2005, 133A,
180–183. [CrossRef] [PubMed]
25. Wuyts, W.; Waeber, G.; Meinecke, P.; Schüler, H.; Goecke, T.O.; Van Hul, W.; Bartsch, O. Proximal 11p Deletion
Syndrome (P11pDS): Additional Evaluation of the Clinical and Molecular Aspects. Eur. J. Hum. Genet. 2004,
12, 400–406. [CrossRef]
26. Chien, W.H.; Sue, W.C.; Kuo, P.L.; Su, M.H.; Lin, C.L. Potocki-Shaffer Syndrome: Report of One Case.
Acta Paediatr. Taiwanica 2003, 44, 242–245.
27. Hall, C.R.; Wu, Y.; Shaffer, L.G.; Hecht, J.T. Familial Case of Potocki - Shaffer Syndrome Associated with
Microdeletion of EXT2 and ALX4. Clin. Genet. 2001, 60, 356–359. [CrossRef]
28. Wuyts, W.; Di Gennaro, G.; Bianco, F.; Wauters, J.; Morocutti, C.; Pierelli, F.; Bossuyt, P.; Van Hul, W.; Casali, C.
Molecular and Clinical Examination of an Italian DEFECT 11 Family. Eur. J. Hum. Genet. 1999, 7, 579–584.
[CrossRef]
29. Bartsch, O.; Wuyts, W.; Van Hul, W.; Hecht, J.T.; Meinecke, P.; Hogue, D.; Werner, W.; Zabel, B.; Hinkel, G.K.;
Powell, C.M.; et al. Delineation of a Contiguous Gene Syndrome With Multiple Exostoses, Enlarged Parietal
Foramina, Craniofacial Dysostosis, and Mental Retardation, Caused by Deletions in the Short Arm of
Chromosome 11. Am. J. Hum. Genet. 1996, 58, 734–742.
30. McCool, C.; Spinks-Franklin, A.; Noroski, L.M.; Potocki, L. Potocki–Shaffer Syndrome in a Child without
Intellectual Disability—The Role of PHF21A in Cognitive Function. Am. J. Med. Genet. Part A 2017, 173,
716–720. [CrossRef]
31. Labonne, J.D.J.; Vogt, J.; Reali, L.; Kong, I.K.; Layman, L.C.; Kim, H.G. A Microdeletion Encompassing
PHF21A in an Individual with Global Developmental Delay and Craniofacial Anomalies. Am. J. Med. Genet.
Part A 2015, 167, 3011–3018. [CrossRef]
Brain Sci. 2020, 10, 788 14 of 15
32. Sohn, Y.B.; Yim, S.Y.; Cho, E.H.; Kim, O.H. The First Korean Patient with Potocki-Shaffer Syndrome: A Rare
Cause of Multiple Exostoses. J. Korean Med. Sci. 2015, 30, 214–217. [CrossRef] [PubMed]
33. Montgomery, N.D.; Turcott, C.M.; Tepperberg, J.H.; Mcdonald, M.T.; Aylsworth, A.S. A 137-Kb Deletion
within the Potocki-Shaffer Syndrome Interval on Chromosome 11p11.2 Associated with Developmental
Delay and Hypotonia. Am. J. Med. Genet. Part A 2013, 161, 198–202. [CrossRef] [PubMed]
34. Palka, C.; Alfonsi, M.; Mohn, A.; Guanciali Franchi, P.; Chiarelli, F.; Calabrese, G. Delayed Diagnosis of
Potocki-Shaffer Syndrome in a Woman with Multiple Exostoses and Mental Retardation. Mol. Syndromol.
2012, 2, 259–261. [CrossRef] [PubMed]
35. Ferrarini, A.; Gaillard, M.; Guerry, F.; Ramelli, G.; Heidi, F.; Keddache, C.V.; Wieland, I.; Beckmann, J.S.;
Jaquemont, S.; Martinet, D. Potocki-Shaffer Deletion Encompassing ALX4 in a Patient with Frontonasal
Dysplasia Phenotype. Am. J. Med. Genet. 2014, 164, 346–352. [CrossRef]
36. Yamamoto, T.; Akaboshi, S.; Ninomiya, H.; Nanba, E. DEFECT 11 Syndrome Associated with Agenesis of the
Corpus Callosum. J. Med. Genet. 2001, 38, e5. [CrossRef]
37. Francke, U.; George, D.L.; Brown, M.G.; Riccardi, V.M. Gene Dose Effect: Intraband Mapping of the LDH A
Locus Using Cells from Four Individuals with Different Interstitial Deletions of 11p. Cytogenet. Cell Genet.
1977, 19, 197–207. [CrossRef]
38. Abdul Jalil, M.F.; Russell, J.; Delatycki, M.; Gonzalvo, A. Congenital Biparietal Foramina Presenting with
Multiple Concussions. Clin. Neurol. Neurosurg. 2016, 145, 6–7. [CrossRef]
39. Wu, Y.Q.; Badano, J.L.; McCaskill, C.; Vogel, H.; Potocki, L.; Shaffer, L.G. Haploinsufficiency of ALX4 as a
Potential Cause of Parietal Foramina in the 11p11.2 Contiguous Gene-Deletion Syndrome. Am. J. Hum. Genet.
2000, 67, 1327–1332. [CrossRef]
40. Freeze, H.H. Human Disorders in N-Glycosylation and Animal Models. Biochim. Biophys. Acta 2002, 1573,
388–393. [CrossRef]
41. Miller, B.S.; Freeze, H.H. New Disorders in Carbohydrate Metabolism: Congenital Disorders of Glycosylation
and Their Impact on the Endocrine System. Rev. Endocr. Metab. Disord. 2003, 4, 103–113. [CrossRef]
42. Lek, M.; Karczewski, K.J.; Minikel, E.V.; Samocha, K.E.; Banks, E.; Fennell, T.; O’Donnell-Luria, A.H.;
Ware, J.S.; Hill, A.J.; Cummings, B.B.; et al. Analysis of Protein-Coding Genetic Variation in 60,706 Humans.
Nature 2016, 536, 285–291. [CrossRef] [PubMed]
43. Hamanaka, K.; Sugawara, Y.; Shimoji, T.; Nordtveit, T.I.; Kato, M.; Nakashima, M.; Saitsu, H.; Suzuki, T.;
Yamakawa, K.; Aukrust, I.; et al. De Novo Truncating Variants in PHF21A Cause Intellectual Disability and
Craniofacial Anomalies. Eur. J. Hum. Genet. 2019, 27, 378–383. [CrossRef]
44. Kim, H.G.; Rosenfeld, J.A.; Scott, D.A.; Bénédicte, G.; Labonne, J.D.; Brown, J.; McGuire, M.; Mahida, S.;
Naidu, S.; Gutierrez, J.; et al. Disruption of PHF21A Causes Syndromic Intellectual Disability with Craniofacial
Anomalies, Epilepsy, Hypotonia, and Neurobehavioral Problems Including Autism. Mol. Autism 2019, 10,
1–15. [CrossRef] [PubMed]
45. D’Alonzo, R.; Rigante, D.; Mencaroni, E.; Esposito, S. West Syndrome: A Review and Guide for Paediatricians.
Clin. Drug Investig. 2018, 38, 113–124. [CrossRef]
46. Jia, J.L.; Chen, S.; Sivarajah, V.; Stephens, D.; Cortez, M.A. Latitudinal Differences on the Global Epidemiology
of Infantile Spasms: Systematic Review and Meta-Analysis. Orphanet J. Rare Dis. 2018, 13, 216. [CrossRef]
47. Shields, W.D. Infantile Spasms: Little Seizures, BIG Consequences. Epilepsy Curr. 2006, 6, 63–69. [CrossRef]
48. Shi, Y.J.; Matson, C.; Lan, F.; Iwase, S.; Baba, T.; Shi, Y. Regulation of LSD1 Histone Demethylase Activity by
Its Associated Factors. Mol. Cell 2005, 19, 857–864. [CrossRef]
49. Garay, P.M.; Wallner, M.A.; Iwase, S. Yin-Yang Actions of Histone Methylation Regulatory Complexes in the
Brain. Epigenomics 2016, 8, 1689–1708. [CrossRef]
50. Hwang, J.Y.; Aromolaran, K.A.; Zukin, R.S. The Emerging Field of Epigenetics in Neurodegeneration and
Neuroprotection. Nat. Rev. Neurosci. 2017, 18, 347–361. [CrossRef]
51. Gerrard, D.T.; Berry, A.A.; Jennings, R.E.; Birket, M.J.; Zarrineh, P.; Garstang, M.G.; Withey, S.L.; Short, P.;
Jiménez-Gancedo, S.; Firbas, P.N.; et al. Dynamic Changes in the Epigenomic Landscape Regulate Human
Organogenesis and Link to Developmental Disorders. Nat. Commun. 2020, 11, 1–15. [CrossRef]
52. Ballas, N.; Grunseich, C.; Lu, D.D.; Speh, J.C.; Mandel, G. REST and Its Corepressors Mediate Plasticity of
Neuronal Gene Chromatin throughout Neurogenesis. Cell 2005, 121, 645–657. [CrossRef]
Brain Sci. 2020, 10, 788 15 of 15
53. Lan, F.; Collins, R.E.; De Cegli, R.; Alpatov, R.; Horton, J.R.; Shi, X.; Gozani, O.; Cheng, X.; Shi, Y. Recognition
of Unmethylated Histone H3 Lysine 4 Links BHC80 to LSD1-Mediated Gene Repression. Nature 2007, 448,
718–722. [CrossRef] [PubMed]
54. Klajn, A.; Ferrai, C.; Stucchi, L.; Prada, I.; Podini, P.; Baba, T.; Rocchi, M.; Meldolesi, J.; D’Alessandro, R.
The Rest Repression of the Neurosecretory Phenotype Is Negatively Modulated by BHC80, a Protein of the
BRAF/HDAC Complex. J. Neurosci. 2009, 29, 6296–6307. [CrossRef] [PubMed]
55. Hakimi, M.A.; Bochar, D.A.; Chenoweth, J.; Lane, W.S.; Mandel, G.; Shiekhattar, R. A Core-BRAF35 Complex
Containing Histone Deacetylase Mediates Repression of Neuronal-Specific Genes. Proc. Natl. Acad. Sci. USA
2002, 99, 7420–7425. [CrossRef]
56. Porter, R.S.; Murata-Nakamura, Y.; Nagasu, H.; Kim, H.G.; Iwase, S. Transcriptome Analysis Revealed
Impaired CAMP Responsiveness in PHF21A-Deficient Human Cells. Neuroscience 2018, 370, 170–180.
[CrossRef]
57. Takata, A.; Nakashima, M.; Saitsu, H.; Mizuguchi, T.; Mitsuhashi, S.; Takahashi, Y.; Okamoto, N.; Osaka, H.;
Nakamura, K.; Tohyama, J.; et al. Comprehensive Analysis of Coding Variants Highlights Genetic Complexity
in Developmental and Epileptic Encephalopathy. Nat. Commun. 2019, 10, 1–14. [CrossRef]
58. Tatton-Brown, K.; Loveday, C.; Yost, S.; Clarke, M.; Ramsay, E.; Zachariou, A.; Elliott, A.; Wylie, H.;
Ardissone, A.; Rittinger, O.; et al. Mutations in Epigenetic Regulation Genes Are a Major Cause of
Overgrowth with Intellectual Disability. Am. J. Hum. Genet. 2017, 100, 725–736. [CrossRef]
59. Rockowitz, S.; Zheng, D. Significant Expansion of the REST/NRSF Cistrome in Human versus Mouse
Embryonic Stem Cells: Potential Implications for Neural Development. Nucleic Acids Res. 2015, 43, 5730–5743.
[CrossRef]
60. Rockowitz, S.; Lien, W.H.; Pedrosa, E.; Wei, G.; Lin, M.; Zhao, K.; Lachman, H.M.; Fuchs, E.; Zheng, D.
Comparison of REST Cistromes across Human Cell Types Reveals Common and Context-Specific Functions.
PLoS Comput. Biol. 2014, 10, e1003671. [CrossRef] [PubMed]
61. Hussain, S.A.; Lay, J.; Cheng, E.; Weng, J.; Sankar, R.; Baca, C.B. Recognition of Infantile Spasms Is Often
Delayed: The ASSIST Study. J. Pediatr. 2017, 190, 215–221.e1. [CrossRef] [PubMed]
62. Pavone, P.; Polizzi, A.; Marino, S.D.; Corsello, G.; Falsaperla, R.; Marino, S.; Ruggieri, M. West Syndrome:
A Comprehensive Review. Neurol. Sci. 2020. [CrossRef] [PubMed]
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.
© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).
